The Influence of Emotion on Cognitive Control: Relevance for Development and Adolescent Psychopathology by Sven C. Mueller
REVIEW ARTICLE
published: 25 November 2011
doi: 10.3389/fpsyg.2011.00327
The inﬂuence of emotion on cognitive control: relevance
for development and adolescent psychopathology
Sven C. Mueller*
Department of Experimental Clinical and Health Psychology, Ghent University, Ghent, Belgium
Edited by:
Gilles Pourtois, University of Ghent,
Belgium
Reviewed by:
Alexandre Schaefer, University of
Durham, UK
Ulrike Krämer, University of Lübeck,
Germany
*Correspondence:
Sven C. Mueller , Department of
Experimental Clinical and Health
Psychology, Ghent University, Henri
Dunantlaan 2, B-9000 Ghent,
Belgium.
e-mail: sven.mueller@ugent.be
The last decade has witnessed an explosion of research into the neural mechanisms under-
lying emotion processing on the one hand, and cognitive control and executive function
on the other hand. More recently, studies have begun to directly examine how concurrent
emotion processing inﬂuences cognitive control performance but many questions remain
currently unresolved. Interestingly, parallel to investigations in healthy adults, research in
developmental cognitive neuroscience and developmental affective disorders has provided
some intriguing ﬁndings that complement the adult literature. This review provides an
overview of current research on cognitive control and emotion interactions. It integrates
parallel lines of research in adulthood and development and will draw on several lines of
evidence ranging from behavioral, neurophysiological, and neuroimaging work in healthy
adults and extend these to work in pediatric development and patients with affective disor-
ders. Particular emphasis is given to studies that provide information on the neurobiological
underpinnings of emotional and cognitive control processes using functional magnetic
resonance imaging. The ﬁndings are then summarized and discussed in relation to neuro-
chemical processes and the dopamine hypothesis of prefrontal cortical function. Finally,
open areas of research for future study are identiﬁed and discussed within the context of
cognitive control emotion interactions.
Keywords: review, emotion cognitive control interaction, development, anxiety, depression
BRIEF INTRODUCTION TO THEORIES OF EMOTION AND
COGNITIVE CONTROL
Past research has investigated the inﬂuence of emotion on a vari-
ety of cognitive processes including basic visual (Pourtois et al.,
2005; Brosch et al., 2008) and sensory processing (Moratti et al.,
2006), memory (Banich et al., 2009), or attentional biases (Bar-
Haim et al., 2007). A longstanding effort has been to understand
the basic mechanisms of cognitive control, which indexes our
ability to regulate and pursue goal-oriented behavior. A major
motivation for this article, and this special issue, has been the
assumption that control of such goal-driven behavior is especially
required in the presence of emotionally evocative information.
Surviving an encounter with a grizzly bear in the woods requires
strong inhibitory control to overrule the initial tendency for a
ﬂight response, and remain calm and still instead. Thus, how does
emotion inﬂuence cognitive control? Do all types of emotion, pos-
itive, and negative, have the same effect on regulatory processes?
Does emotion enhance or impair cognitive control abilities and
are these effects short-term or more sustained? The goal of this
Abbreviations: ACT, attentional control theory; AMY, amygdala; BD, bipolar disor-
der; dACC, dorsal anterior cingulate; dlPFC, dorsolateral prefrontal cortex; DMN,
default mode network; FFA, fusiform face area; FG, fusiform gyrus; IFG, inferior
frontal gyrus; IPL, inferior parietal lobule; IPS, inferior parietal sulcus; MFG, mid-
dle frontal gyrus; MNI, Montreal Neurological Institute; Nacc, nucleus accumbens;
OCD, obsessive–compulsive disorder; OFC, orbito-frontal cortex; PPA, parahip-
pocampal place area; PTSD, post-traumatic stress disorder; rACC, rostral anterior
cingulate; SFG, superior frontal gyrus; SPC, superior parietal cortex; SPL, superior
parietal lobule; vlPFC, ventrolateral prefrontal cortex.
review is to examine these questions by reviewing studies from the
emerging ﬁeld of cognitive control emotion interactions and the
inﬂuence of emotion on executive processes speciﬁcally. Due to
the vastness of the ﬁeld, this study will not examine the ﬂipside of
this approach, i.e., studies that merely concern the regulation of
emotion per se.
Although much of this research has been conducted in adults,
preliminary parallel research in child and adolescent development
is emerging and has provided some intriguing ﬁndings. There-
fore, a second goal of this review is to integrate these parallel lines
of research and examine how experimental studies in adults can
inform future directions for developmental cognitive neuroscience
and vice versa.
To set the stage and provide a theoretical context within
which cognitive control by emotion interactions can be evalu-
ated, the article will begin with very brief introductions into the
current state of cognitive control and emotion research. How-
ever, it must be noted that these introductions merely serve to
provide brief overviews, and therefore, these sections cannot do
justice to provide a detailed and balanced account of all theories.
Then, the available evidence on cognitive control and emotion
interactions will be surveyed, ﬁrst in adults and then in devel-
opment. In particular, this survey will examine to what extent
emotional inﬂuence is common across diverse cognitive control
abilities such as working memory, inhibitory control, or task
switching and whether this inﬂuence is dependent on the type
of emotional presentation such as prior mood induction, emo-
tional distraction, or availability of reward. The review will end
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with a discussion of open questions for future research and a brief
summary1.
THEORIES OF COGNITIVE CONTROL
Much advance in the ﬁeld of cognitive control has been made
over the last half century and several models at both the theoret-
ical or neuroanatomical level have been proposed (Norman and
Shallice, 1986; Fuster, 1997; Smith and Jonides, 1999; Braver and
Cohen, 2000; Duncan and Owen, 2000; Stuss andAlexander, 2000;
Miller and Cohen, 2001; Petrides, 2005; Banich, 2009). Although
a deﬁnitive set of executive functions has not been agreed upon,
many cognitive skills have been attributed to this category includ-
ing planning (Koechlin et al., 2000), goal maintenance (Koechlin
et al., 1999), task switching (Robbins, 1996; Brass and vonCramon,
2002; Dreher et al., 2002), response conﬂict, error monitoring, and
decision uncertainty (Botvinick et al., 1999; Ridderinkhof et al.,
2004), inhibitory control (Aron et al., 2007), and working mem-
ory (Wager and Smith, 2003). Through latent-variable analyses,
it has been suggested that there are (at least) three different core
executive processes, which comprise inhibitory control, the abil-
ity to shift (task) sets, and maintenance and updating of working
memory (Miyake et al., 2000).
In any case, while most authors would now agree that the
lateral prefrontal cortex (PFC) plays a critical role in executive
function, models with regards to the speciﬁcity of this localiza-
tion of function have not been without contention (Duncan and
Owen, 2000; Stuss and Alexander, 2000; Petrides, 2005; Banich,
2009). While some authors ascribe speciﬁc executive functions
to particular parts of the brain (Petrides et al., 1993; Goldman-
Rakic, 1995),others propose a commonnetwork of the lateral PFC,
which engages across a diverse set of cognitive demands includ-
ing response conﬂict, task novelty, working memory delay, and
perceptual difﬁculty (Duncan and Owen, 2000).
Given the variety of theoretical and neuroanatomical models
the search for a unifying model of executive function continues.
Some models identify particular executive processes with neu-
roanatomical locations, which are recruited in a sequence (“cas-
cade”) of events (Koechlin et al., 2003; Banich, 2009). For example,
in the “cascade-of-control model” (Banich et al., 2009) top-down
biases toward task-relevant processes are established in the poste-
rior region of the dlPFC and passed on to the mid-dlPFC, which
selects the most relevant out of the actively maintained task repre-
sentations. In the next step of this cascade, the posterior portion of
the dorsal ACC selects the appropriate response among the avail-
able response options and so on. By comparison, and in-line with
other models (Botvinick et al., 1999; Ridderinkhof et al., 2004), the
anterior dorsal ACC monitors and evaluates the responses and,
in case of an occurring error, dACC signals back to the poste-
rior dlPFC for greater control requiring re-initiation of certain
steps of the cascade of events. The central tenet of such a cascade
model is that cognitive operations are executed sequentially, and,
if not accomplished adequately at a previous step, these operations
require to be processed at a subsequent step. As the search for an
1Note that despite historical differences in usage between the terms “executive func-
tion” and “cognitive control,” both will be used interchangeably throughout the
article to refer to all brain regions involved in such functioning.
integration of theory and neuroanatomy in cognitive control con-
tinues, the aim to specify the role of emotional processes during
cognitive control will either facilitate (at best) or further compli-
cate (at worst) this endeavor. The next section will provide a brief
glance at current thoughts in emotion theory.
PROCESSING AND REGULATING EMOTIONS
Human feelings and emotions have long occupied the thoughts
of scientists and philosophers alike. Several cognitive and non-
cognitive theories of emotions have been proposed (cf. Dalgleish,
2004). Among the cognitive theories, appraisal theories (e.g.,
Arnold, 1960; Frijda, 1988; Lazarus, 1991; Scherer, 1999; Roseman
and Smith, 2001) postulate that emotions are caused (elicited)
by appraisals, i.e., subjective evaluations of occurring events. For
instance, the ﬁnal acceptance of an article in a journal could give
rise to several emotions in the author including joy, pride, relief, or
content. The precise emotion, however,will depend on the speciﬁc
appraisal by that individual. By virtue of mediation between the
event and the emotion, appraisal theories provide a multi-level
approach, which allows for subtle variations between and within
individuals as to which emotion will be elicited at which speciﬁc
moment in time and atwhich speciﬁc situation.Within that frame-
work, other authors propose degrees of motivation and emotional
behavior that depends on the immediacy and severity of relevant
change from the current state of events (e.g., Roseman and Smith,
2001). For example, the distance to the deadline for submission
of said article may determine whether the author approaches the
manuscript with “cold” but motivated and goal-driven behavior
to ﬁnish the paper within the next month or may experience “hot”
emotion and react with frozen shock and readiness to jump into
action by the realization that the deadline is a mere 48 h away.
By contrast, biologically based, non-cognitive theories of emo-
tion propose a direct relationship between the event, the emotion,
and the physiological or neural state. Among the most well-known
is the James–Lange theory (James, 1884; Lange, 1885), which pro-
poses that emotions are mere experiences of the change of the
bodily state. In such a case, the experience of the physical changes
involved in ﬂeeing from a threatening stimulus would be equated
with the emotion of fear. Both sets of theories have led researchers
to hypothesize different parts of the brain to be involved in the
processing of emotion. These different neural foci include the
amygdala (LeDoux, 2000), the septo-hippocampal system (SHS;
Gray and McNaughton, 2000), the orbito-frontal cortex (OFC;
Rolls and Grabenhorst, 2008), the ventromedial PFC (Damasio,
1996),or the brainstemcircuitry (Panksepp,1998). For example, in
Damasio’s (1996) “somatic marker hypothesis,” the ventromedial
PFC plays a strong role in processing those physiological changes
of the body, which have previously been tagged as emotionally
signiﬁcant events. Other researchers have attributed a prominent
role to the OFC in emotion processing, in particular as it pertains
to motivational aspects of behavior vis-a-vis emotional learning
of stimulus–reward associations (Rolls and Grabenhorst, 2008).
That line of research assesses and classiﬁes motivational valence
of a stimulus as being positive and rewarding or negative and
punishing. Yet another group of researchers highlight the amyg-
dala as a central hub in the processing of fear (LeDoux, 2000).
These investigators suggest two routes of emotional processing; a
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fast, direct route from the thalamus to the amygdala, which can
process crude information quickly and without awareness while a
second, indirect and slow route uses a thalamo-cortical–amygdala
pathway. This pathway allows a more ﬁne-grained and conscious
analysis of the stimulus. However, this distinction has recently
come under criticism. Although Pessoa and Adolphs (2010) also
suggest two central hubs, the amygdala and the pulvinar, they
emphasize strong communication of these regions with broad
cortical and subcortical regions. In addition, these authors sug-
gest equally fast processing of affective and non-affective visual
information.
Theories of emotion regulationhaveparticularly focusedon the
dlPFC and the cingulate system and their role in modulation and
controlling an emotional response (Bush et al., 2000; Ochsner and
Gross, 2005). In particular, these theories distinguish between the
dorsal ACC, which is involved in cognitive control, and the rostral
ACC, which ﬁnds its role in regulating emotions (e.g., Bush et al.,
2000). Parcellation of the ACC into a rostral and dorsal part, in
turn, has come under scrutiny from recent reviews that suggest an
integration of reinforcers and goal-directed behaviors within the
“anterior mid-cingulate cortex (aMCC)” (Shackman et al., 2011).
Regardless of the type of brain system involved in affective pro-
cessing, some investigators have pointed to a hemispheric divide
whenprocessing emotions. Following earlier authors (Mills, 1912),
the work of Davidson (1995) suggests different specialization for
speciﬁc emotion processing in the two hemispheres. In their the-
ory, negative emotions are predominantly processed by the right
hemisphere, while positive emotions are processed by the left
hemisphere. However, this hypothesis has also been challenged by
a meta analysis of functional imaging studies that points toward a
more complex picture including regional speciﬁcity (Wager et al.,
2003).With these conceptual distinctions in mind, the next section
will review the available evidence of emotional inﬂuences cognitive
control processes.
COGNITION BY EMOTION STUDIES IN ADULT VOLUNTEERS
FINDINGS IN HEALTHY ADULT VOLUNTEERS
Studies in neurologically healthy adults have used several method-
ologies and experimental paradigms including behavioral inves-
tigations, event-related potentials (ERP), repetitive transcranial
magnetic stimulation (rTMS), and functional magnetic resonance
imaging (fMRI), n-back tasks, recency probes task, ﬂanker and
stop-signal tasks, to task switching, delayed item working memory,
go/no-go tasks, antisaccade, Simon, and Stroop tasks (Table 1).
Behavioral and psychophysiological evidence
Behavioral studies have provided the groundwork to establish the
paradigms that can be used to demonstrate emotional impact
on cognitive control processes. This line of research has shown
consistent impairment of cognitive control during concurrent,
task-irrelevant emotional processing. High emotional distracting
stimuli, for example, impaired performance during task switch-
ing, inhibitory control tasks, working memory, or target detection
tasks (Table 1). Traditional psychophysiological measures have
provided valuable information regarding the neurobiological and
neurophysiological processes underlying such interference effects.
For instance, the startle response, i.e., an involuntary response to
an unexpected and sudden stimulus, is closely linked to affective
processing (Lang et al., 1990). Using this startle reﬂex during a
standard ﬂanker task, Hajcak and Foti (2008) reported that star-
tle response magnitude was larger after errors than after correct
responses. They suggested a close connection between the emo-
tional regulatory system and cognitive control processes such as
error monitoring. Other psychophysiological indices of control
processes are also sensitive to emotional modulation. A larger
fronto-centralNo-GoP3 amplitude has been reported in a positive
relative to anegative context during a go/no-go taskwith incidental
emotional stimuli in the background (Albert et al., 2010). Consis-
tent with this ﬁnding, reaction times (RT) to Go trials were faster
in the positive relative to the negative or neutral context. These
data suggest that psychophysiological responses can peg the inﬂu-
ence of defensive reﬂexes and positive context on cognitive control
processes such as error monitoring and inhibition.
Evidence from fMRI
Functional neuroimaging studies have provided important infor-
mation on the neural underpinnings of these effects, thus com-
plementing psychophysiological ﬁndings. For example, Gray et al.
(2002) induced a positive, negative, or neutral emotional state
with short video clips before participants completed two differ-
ent 3-back working memory tasks, one with verbal and one with
facial stimuli. With verbal stimuli, the dorsolateral PFC [Brod-
mann area (BA) 9] was activated more for unpleasant emotional
state relative to pleasant state, while with face stimuli, BOLD
responses were increased for pleasant relative to unpleasant states.
In another studynegative but not positive orneutralmood resulted
in increased error rates during a Simon task (Sommer et al.,
2008). Concurrent with this behavioral ﬁnding, negative mood
was associated with reductions in lateral PFC in incompatible
when compared to compatible trials. While these data suggest that
lateral PFC activation to working memory or conﬂict demands is
sensitive to negative mood state, other studies have focused on the
inﬂuence of attentional load on emotion processing (Pessoa et al.,
2005; Lim et al., 2008; Bishop, 2009).
In a target detection task, letter arrays consisting of the same
distracters (low attentional load) or different distracters (high
attentional load) were displayed across emotionally valenced faces
(Lim et al., 2008). When threat faces were compared to neutral
faces in the low attentional load condition, increases in activation
were apparent in several regions including the SPL, MFG, dACC,
and FG. By contrast, this effect was absent during the high atten-
tional load conditions. In particular, amygdala activation followed
the same pattern as in the other regions suggesting vulnerability
of this region to changes in top-down inﬂuences of cognitive load.
In opposition to these ﬁndings is a study in which neutral or neg-
atively valenced IAPS pictures were presented before a simple or a
complex arithmetic problem (Van Dillen et al., 2009). Here, right
amygdala activation was decreased during negative images during
the complex task relative to the simple task. Similarly, the high
but not low load negative condition led to increased activations in
the same regions as in Lim et al. (2008), namely in the dlPFC and
SPC. One possible difference between these two studies that might
account for the discrepancy in ﬁndings is that emotional stimuli
were present prior to the task in Van Dillen et al. (2009) while
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they occurred simultaneously in Lim’s study. While the type of
attentional task may also have played a signiﬁcant role, these ﬁnd-
ings provide supportive evidence that attentional load moderates
emotional processing.
Inhibitory control processes are also vulnerable to modulation
of emotional valence. The pars opercularis and pars triangularis
of the IFG evidenced reductions on no-go trials in response to
happy but not sad or neutral faces (Schulz et al., 2009). An effect
for sad (but not happy or neutral) stimuli, on the other hand, was
observed in the posterior insula. Previous studies have highlighted
different responding of neurocircuitry to different emotions (e.g.,
Vytal and Hamann, 2010). An interesting question related to this
ﬁnding and within the context of emotion cognition interactions
would be the sensitivity of distinct cognitive control regions to spe-
ciﬁc emotional valences. In other words, would happy or fearful
emotion recruit the IFG but sad or angry emotion other areas?
If emotional valence exerts effects on inhibitory control in cog-
nitive controlworkhorses such as the IFG,a pivotal questionwould
be whether the reverse can also be observed, i.e., evidence of exec-
utive control processes in emotional hubs such as the amygdala.
In their psychophysiological study, Hajcak and Foti (2008) had
suggested a connection between defensive reﬂexes and error pro-
cessing. Given the amygdala’s role in the neurobiology of fear
(LeDoux, 2000), an ideal proof-of-concept would be to demon-
strate presence of such error processing in this region. Indeed, in
an antisaccade task with strong non-emotional inhibitory control
requirements, amygdala activation was increased during erro-
neous relative to correct antisaccades (Polli et al., 2009). Further
corroborating evidence comes from other cognitive control stud-
ies void of an emotional context, which have examined variations
in RT distributions. For example, in a stop-signal task, RT to “go”
trials on trial (n) can either be faster or slower than RT on the
previous trial (n − 1). Li et al. (2009) argued that this variability
in performance may originate from participant’s anticipation of a
looming “stop” trial. Thus, responding faster in the presence of a
potential “stop” trial is “risky” and may lead to an error whilst a
slower response may show “risk-aversion.” Comparisons between
individual fast and slow responses relative to the mean of all “go”
trials in Li’s study revealed heightened amygdala and vmPFC acti-
vations during fast “risky” trials relative to slow “non-risky” trials.
Evidence of error processing or adaptive changes in trial-to-trial
ﬂuctuations duringnon-emotional taskswould support the idea of
an involvement of regions traditionally associated with emotion in
cognitive control. Intracranial recordings in patients undergoing
invasive surgery complement these research lines. Two separate
intracranial recording studies have documented modulation of
subcortical structures such as the Nucleus Accumbens (Münte
et al., 2008) or the amygdala (Pourtois et al., 2010) during error
monitoring processes whilst performing ﬂanker or go/no-go tasks.
These data support the idea of involvement of regions traditionally
associated with emotion in cognitive control.
From “hotspots” to “patterns of activation”: evidence from
functional connectivity
Recent trends in the cognitive neurosciences have witnessed a
shift from a localization-oriented analysis approach to examin-
ing the pattern of activations between brain regions. Analysis of
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such functional connectivity has offered intriguing insight into the
inﬂuence of emotion on cognitive control from a brain pattern
perspective. As is well-known, during the color naming condition
of the Stroop task, cognitive interference is created by the actual
meaning of the presented word relative to the font it is presented
in (e.g., the word red presented in blue font). Using this princi-
ple, Banich and colleagues modiﬁed the Stroop task to present
words that interfered at an emotional level (e.g., war) when par-
ticipants were required to name the font color (Mohanty et al.,
2007). They reported that during conﬂict trials, reactivity of both
dorsal and rostral ACC predicted amygdala activation. By com-
parison, only dorsal ACC predicted dlPFC activation. A different
team of researchers created emotional conﬂict by superimposing
words of emotional states on congruent or incongruent emotional
facial expressions (e.g., the word “happy” presented on a fearful
face). Functional connectivity analyses during this task revealed
a negative coupling between the rACC and the amygdala, which
indicated a decrease in amygdala activation with an increase in
rACC activity (Egner et al., 2008). In addition, the fact that lat-
eral PFC was positively coupled with the fusiform face area (FFA)
during non-emotional conﬂict resolution but negatively during
emotional conﬂict resolution attributes a critical role of valence to
connectivity patterns.
Impact of motivation on cognitive control
As noted in the introduction, some theories discriminate between
emotional andmotivational processes in emotion (Plutchik,1962),
while others argue that both processes are necessary to fully
account for goal-driven behavior (Roseman, 2008). An intriguing
question arising from these theories is to what extent inﬂuences of
these two emotional systems on cognitive control abilities might
be similar to each other. Studies in the category of motivational
processing have examined the impact of reward (vs. no reward)
on a variety of executive processes including the stop-signal
task, the task switching paradigm, working memory, antisaccade
performance, or the Stroop task (Table 1).
In an inhibitory control task, reward, by virtue of monetary
incentive, interacted with stop-signal task performance in several
brain regions (Padmala and Pessoa, 2010). Particularly when no
incentive was provided, the left dlPFC responded more actively
to successful vs. unsuccessful trials. This difference was reduced
during the incentive condition. In stark contrast to these data are
the results of another imaging study, in which monetary incen-
tive increased the BOLD response in the left dlPFC during task
switching (Savine and Braver, 2010). This response was also posi-
tively correlated with the incentive beneﬁt of improved RTs during
this condition. These studies on motivation suggest that positive
incentive such as monetary reward can inﬂuence responding of
the lateral PFC.
However, one aspect that may modulate the strength of this
response could be the potency of the reward. Non-human pri-
mate studies commonly utilize primary reinforcers such liquids
(e.g., juice; Bermudez and Schultz, 2010; Kobayashi et al., 2010).
Studies in humans, by comparison, frequently rely on secondary
reinforcers such as monetary incentive (Padmala and Pessoa,
2010; Savine and Braver, 2010). The critical distinction between
primary and secondary reinforcers is that while the former is
immediately rewarding in itself, the latter can be collected and
later exchanged for a rewarding stimulus (e.g., ice cream after
a long day of revisions). Recently, Beck et al. (2010) contrasted
primary (liquid) vs. secondary (money) reinforcers while volun-
teers performed a working memory task. Although behavioral
performance improved with both types of reward, a double dis-
sociation was apparent in the underlying neural circuitry. Consis-
tent with the ﬁndings by Padmala and Pessoa (2010) and Savine
and Braver (2010), monetary reward increased the hemodynamic
response in the dlPFC. In contrast to these prior ﬁndings, the pri-
mary reinforcer evoked neural activation in striatal regions and
the amygdala. Taken together, these data seem to indicate that
some cognitive control circuitry such as the dlPFC is commonly
moderated by emotional as well as motivational stimuli, while
other executive structures such as the basal ganglia (striatum)
are preferentially sensitive to motivational aspects of goal-driven
behavior.
Let’s talk about sex (in cognition emotion interactions)
Regardless of the distinction between emotional vs. motivation
behavior, the previous sections have focused on manipulations
that changed from trial-to-trial. One critical question in emotion
research is to what extent emotional interference may be driven
by inherent differences between participants. One such critical
factor, especially with relevance to preponderance for different
forms of psychopathology, is biological sex. To avoid potential
sex-driven confounds, some studies have elected to recruit exclu-
sively female ormale groups of participants (cf. Table 1). However,
directly contrasting men and women may reveal important dif-
ferences in how emotion may impact executive control between
the genders. In one such endeavor, sex differences were explicitly
investigatedusing aversive olfactory stimulation to inducenegative
moodwhile participants performed aworkingmemory task (Koch
et al., 2007). Sex-speciﬁc interactions between working memory
and negative emotion revealed stronger activation for females rela-
tive to males in emotion networks including the OFC (BA11) and
the amygdala. By comparison, males exhibited stronger activa-
tions than females in a wide temporo-parietal–occipital network.
These authors suggested (Koch et al., 2007) that during concurrent
cognitive control demands within a negative emotional context,
perceptual–cognitive processing was predominant in men, while
the processing of emotions was prioritized in females. To fore-
shadow ﬁndings from the second part of this review, these results
in adults are consistent with documented sex differences in devel-
opmental groups (Tottenham et al., 2011) and propose sex-speciﬁc
processing of emotions during cognitive control tasks making it a
critical variable in cognition emotion interaction research.
Genetic and neuropharmacological contributions
Mounting interest in genetic neuroimaging has motivated
researchers to examine the impact of different genotypes on cogni-
tive control and their relation to emotion processing. For example,
while neurotropic (e.g., BDNF) or serotonergic (e.g., 5-HT) genes
contribute to mood and anxiety disorders (Martinowich et al.,
2007), dopaminergic (e.g., COMT) genes have been implicated in
cognitive control (Barnes et al., 2011). In a small sample of vol-
unteers, Bishop et al. (2006) reported an inﬂuence of the COMT
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genotype on the attentional matching task during emotional dis-
traction. In the task, also known as the house-faces task, partici-
pants were required to determine whether two presented images
along a horizontal or vertical dimension were identical or not.
However, the other two images presented at the unattended loca-
tion either contained neutral or emotional images. Presence of
the high dopamine activity val/val polymorphism correlated sig-
niﬁcantly with BOLD signal change in the negative relative to
neutral emotional contrast in several regions including the vlPFC,
the OFC, and the parahippocampal place area (PPA). Following
a similar reasoning, Vollm et al. (2006) provided healthy male
participants with the serotonergic drug Mirtazapine to investi-
gate the impact of 5-HT on inhibitory control. Here, the drug
modulated inhibitory function in the lateral OFC, the temporal
pole, and the insula. Although the inﬂuence of the drug was also
assessedon a separate reward task in the same study, the interaction
of reward on inhibitory control was unfortunately not explicitly
examined. Whilst tentative, these promising data indicate effects
at the neurotransmitter level on OFC function during emotional
challenges.
IMPACT OF MOOD AND PERSONALITY ON EMOTION AND COGNITIVE
CONTROL
The above studies have revealed that responses in goal-driven
behavior during emotional challenges may differ based on gen-
der or genetic make-up. Therefore, it seems likely that not only
transient emotional responses (e.g., surprise, fear) could impact
cognitive control, but also sustained variability in mood or per-
sonality of the individual. This section reviews such variation in
individual differences (Table 2).
Anxiety and cognitive control
At some point in our lives, individuals may experience shorter
or longer periods of anxiety. According to Eysenck et al. (2007),
“anxiety is an aversive emotional and motivational state occurring
in threatening circumstances” (p. 336). However, in addition to
the state anxiety at a particular moment in time, an individual
can also be characterized on how anxious they feel in general, or
their level of trait anxiety. Their attentional control theory (ACT)
was developed to make speciﬁc predictions on how levels of anx-
iety within the healthy population will impact cognitive control
(Eysenck et al., 2007). One central axiom of ACT is that process-
ing effectiveness, which describes the quality of task performance
(response accuracy), is less affected by anxiety than processing
efﬁciency, i.e., the relationship between processing effectiveness
and cognitive effort exerted during the task (RT). In particu-
lar, being in a state of anxiety reduces attentional control and
thus processing efﬁciency. Distracting and salient threat-related
information draws additional processing resources away from
goal-oriented attention further reducing effective processing. In
a series of behavioral studies to probe ACT, Derakshan and col-
leagues examined the impact of subclinical anxiety on cognitive
control processes (Ansari et al., 2008;Derakshan et al., 2009a,b). In
a traditional task switching design, participants switched between
or repeated basic arithmetic operations (Derakshan et al., 2009b).
These arithmetic problems were either simple (addition, subtrac-
tion) or complex (division, multiplication). During switching,
when cognitive control levels were high, performance was slowed
in high anxious but not low anxious participants, an effect that
was particularly the case for complex but not simple mathemat-
ical operations. In another study, she investigated processing of
emotional faces during inhibitory control by virtue of the antisac-
cade task (Derakshan et al., 2009a). Consistent with the ﬁrst study
and ACT, processing efﬁciency, as seen in prolonged latency, was
reduced in high anxious relative to low anxious participants. By
comparison, processing effectiveness, i.e., antisaccade error rates,
were less affected.
Subjective levels of anxiety have also been shown to inﬂuence
psychophysiological correlates of cognitive control. The error-
related negativity (ERN) component of the ERP commonly shows
an increased negativity over central scalp after an error is com-
mitted relative to correctly executed trials (Falkenstein et al., 1990;
Gehring et al., 1993). Using a two-dimensional, non-emotional
(color or orientation judgments) go/no-go task, Aarts and Pour-
tois (2010) recently documented that the amplitude of the ERN
was larger in high anxious vs. low anxious subjects. Similarly,
Amodio et al. (2008) examined differences in personality on a
go/no-go task. In his study, higher levels on behavioral inhibition
(BIS) were associated with larger N2s and ERNs during no-go
trials. Higher scores on the behavioral approach system (BAS),
on the other hand, were associated with greater left-sided frontal
asymmetry. These data are consistent with the ﬁndings by Haj-
cak and Foti (2008), who had found that the magnitude of the
ERN predicted the degree of the defensive reﬂex during erroneous
responses. Taken together, these data suggest that high levels of
anxiety or BIS moderate error-related processing.
As alluded to earlier, some researchers have attributed differ-
ent roles of the left and right hemispheres in processing positive
and negative emotions (Davidson, 1995). Engels et al. (2007), for
instance, asked participants to perform a (blocked) emotional
Stroop task with neutral, pleasant, and unpleasant words while
they underwent fMRI. A large cluster of the left but not the right
lateral frontal cortex (BAs 9, 44, 45, 47) became visible during
negative words relative to neutral words. However, this effect was
further moderated by anxious state such that participants scoring
high on anxious apprehension showed this effect but not par-
ticipants having high levels of anxious arousal or low anxious
subjects. By comparison, anxious arousal subjects showed right
lateralized inferior temporal gyrus activations in the negative rela-
tive to neutral contrast. Similarly, undergraduates scoring high on
depressive symptoms also showed right temporal gyrus activations
for processing of unpleasant words in an emotional Stroop task
and, conversely, a leftward lateralization for pleasant words (Her-
rington et al., 2010).While these studiesmay suggest a hemispheric
divide, an earlier-meta analysis of 65 imaging studies suggests
a more complicated picture that includes region-speciﬁcity and
effects in lateralized processing of emotions (Wager et al., 2003).
Rather than examining emotional valence on lateralized pro-
cessing within the same task, another approach is to test the effects
of valence on different tasks that engage either the left or right
hemisphere. One example would be the processing of verbal infor-
mation by the left and spatial information by the right hemisphere
(Smith and Jonides, 1999). Unfortunately, ﬁndings in this line of
research have not been without contradictions either. Gray (2001)
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on the one hand, and Shackman et al. (2006), on the other hand,
used similar variations of the n-back working memory task with
a perceptual/spatial variant and a verbal variant. Gray induced
mood in participants through affective video clips before the two
different 2-back working memory tasks. On the perceptual ver-
sion, spatial performance was improved by previous encounter
with fearful stimuli and impaired during happy context blocks,
while the reverse, impairment during fearful and improvement
during happy conditions,was true for the verbal task. Importantly,
these ﬁndings were strongest for subjects with low cognitive con-
trol (high error group). By stark contrast, using a similar design
and methodology, Shackman et al. (2006) found that threat of
shock (i.e., fearful condition) reduced performance on the spa-
tial task but not the verbal task. Moreover, this was particularly
the case for participants with high levels of cognitive control (low
error group). These ﬁndings were replicated in a second experi-
ment of the same study in high anxious subjects (high BIS scores)
but not in low anxious subjects. A third study using the threat of
shock procedure also reported impaired performance on the spa-
tial but not verbal n-back task and a positive association between
anxiety levels and performance impairment (Lavric et al., 2003).
While these ﬁndings support the idea of a differential emotional
impact on tasks tapping into different cognitive domains, future
research will need to clarify to what extent these contradictory
ﬁndings may have been driven by individual differences in cog-
nitive control abilities (high vs. low performers) or methodology
(introspectively induced emotion vs. continuous threat of physical
shock).
Leaving hemispheric contributions on their respective sides,
so-called resting-state fMRI studies have documented that a state
of anxiety modulates brain rhythms during periods of rest (Zhao
et al., 2007;Liao et al., 2010).Neural circuitry usually activateddur-
ing such periods of rest has also been described as the defaultmode
network (DMN). Recent enquiry has begun to address the impact
of anxiety on the engagement of the cognitive control network for
a particular task when changing from the “idle” state of the DMN.
In a large fMRI study (n = 96), Fales et al. (2008) induced mood in
high anxious and low anxious participants prior to an emotionally
neutral 3-back working memory task. High anxious participants
showed a lower level of sustained activation in the DMN than low
anxious participants and this group also showed increased activa-
tion of the right vlPFC (BA47) during trial-related engagement.
Such preliminary evidence might suggest that the neural activa-
tion during rest associated with a particular mood state may be
predictive of subsequent engagement of cognitive control. Future
study will have to challenge such a conjecture.
Executive deﬁcits in depression
Similar to theories in anxiety,models in mood disorders have pos-
tulated a critical involvement of executive function processes in the
development and maintenance of depression (Joormann, 2010).
Joormann (2010) proposed that, in depressed persons, a deﬁcit in
being able to regulate mood during the presentation of negatively
valencedmaterialwithinworkingmemory leads to impairments in
cognitive control. According to the model, a negative event might
induce negative mood, which in turn activates negative cogni-
tions. Patients vulnerable to depression may linger (“ruminate”)
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on these negative cognitions, thus preventing that thismaterial can
be expelled from working memory to free processing resources.
Some studies have examined dimensional measures of
depression-linked traits on cognitive control (Holmes and Piz-
zagalli, 2007; De Lissnyder et al., 2010). Holmes and Pizzagalli
(2007) investigated the impact of subclinical depressive symptoms
on non-emotional Simon and Stroop task performance. How-
ever, performance feedback was rigged such that subjects were
presented with positive or negative feedback regardless of their
actual performance. Participants with increased depressive traits
evidenced impaired adjustment in RT on trials following an error
(Simon task) or conﬂict (Stroop task), especially during negative
but not positive feedback. However, it should be noted that high
and low depressive symptom groups did not differ on the main
variables of congruency or conﬂict suggesting no global impact
on performance. Rather, these data show that subclinical depres-
sive symptomatologymaymoderate subtle trial-to-trial behavioral
adjustments.
Studies in patients with mood disorders including major
depressive disorder (MDD; Harvey et al., 2005; Joormann and
Gotlib, 2008; Vasic et al., 2009; Levens and Gotlib, 2010), Mania
(Elliott et al., 2004), or bipolar disorder (BD; Wessa et al., 2007)
are consistent such proposals. These studies have found perturbed
activations in lateral frontal circuitry such as the IFG, MFG, or
SFG during emotional go/no-go tasks (Elliott et al., 2004) or
emotionally neutral n-back tasks (Harvey et al., 2005). In addi-
tion, a connectivity study in MDD patients during a working
memory task revealed perturbations in functional connectivity
in the ACC (BA 24/32) and left dlPFC (BA9/46) and vlPFC (BA44;
Vasic et al., 2009). Taken together, these data suggest vulnerabil-
ity of the lateral PFC to negative mood that spans across sev-
eral executive functions including working memory and response
inhibition.
However, an often-noted constraint of fMRI methodology
more generally is that it is limited in its capacity to allow inferences
on causal relationships between behavior and patterns of activa-
tion in the brain. Yet, critical questions regarding the causality and
directionality of mood and cognitive control remain untouched.
Provocatively asked, is reduced cognitive control a risk-factor for
a mood or anxiety disorder or does having an affective disor-
der cause reductions in cognitive control? One possible way to
address these issues is by use of invasive technology such as brain
stimulation. rTMS has been used successfully to disturb cogni-
tive performance by discharging neurons in the cortex and is thus
ideally suited to examine lateral PFC function (Walsh and Pascual-
Leone, 2003). In a series of studies, Vanderhasselt et al. (2009a,b),
administered rTMS over the left dlPFC in patients with MDD
while these performed a switching task between different modal-
ities (auditory, visual). These studies revealed two ﬁndings. First,
a single session of rTMS improved attentional control. Second,
behavioral control was also improved in treatment responders but
not non-responders after 2 weeks of rTMS therapy. These data
point toward TMS as a possible tool to further investigate the
contribution of perturbations of cognitive control to mood and
anxiety disorders.
The previous sections provided an updated overview of the
current state of research in emotion and cognitive control
interactions. This overview can now be used to assess similar
progress on this topic in developmental cognitive neuroscience.
DEVELOPMENTAL (COGNITIVE) NEUROSCIENCE
Over the past 10 years, developmental cognitive neuroscience has
blossomed to a major ﬁeld of enquiry. Within the present context,
this line of research can provide valuable knowledge of the devel-
opmental contribution to the interplay between cognitive control
and emotion in the immature organism. Anatomically, longitu-
dinal studies have delineated distinct developmental trajectories
for individual brain regions such as a slow rate of PFC matura-
tion (Giedd et al., 1999; Paus et al., 1999; Gogtay et al., 2004).
If the PFC and other regions such as those of the limbic sys-
tem evidence different developmental trajectories, then one would
expect task performance and behavior to reﬂect these differences.
Indeed, it has been proposed that the increased risk taking of
teenagers relative to children and adults originates from discrep-
ancies in PFC and striatal development (Dahl, 2004; Ernst et al.,
2006; Somerville and Casey, 2010). These authors (Ernst et al.,
2006; Somerville and Casey, 2010) argue that the relatively faster
development of reward-related striatal neurocircuitry and slower
development of regulatory PFC systems result in increased sensi-
tivity to reward seeking and risky behavior. As such, children and
adolescents would be expected to show greater difﬁculty in cop-
ing with distracting emotional information during goal-directed
behavior than adults. Mounting research has examined the devel-
opment of cognitive control (Casey et al., 1995; Bunge et al., 2002;
Crone et al., 2006; Rubia et al., 2007; Ernst and Mueller, 2008)
and emotion regulation (Herba et al., 2006). The next section will
review two sets of studies: (1) studies of cognition emotion inter-
actions in healthy development and (2) cognitive control (and
their interaction with emotion) in pediatric mood and anxiety
disorders (Table 3).
COGNITION EMOTION INTERACTIONS IN HEALTHY DEVELOPMENT
A recent, large behavioral study examined the inﬂuence of emo-
tional valence on cognitive control in children ages 4–11 and
adults, who completed two simple variants of a conﬂict task
(Lagattuta et al., 2011). In the day–night variant, participants
responded with the opposite term of an image they were pre-
sentedwith (e.g., respondwith“day”to an image showing the night
sky). In the happy–sad variant, again, participants were required to
respond with the opposite expression. As expected, performance
improved linearly with age but performance in the happy–sad
task was worse across all groups than the day–night task. In
another developmental study, Tottenham et al. (2011) compared
performance on an emotional go/no-go task among children
(5–12 years), adolescents (13–18 years), and adults (19–28 years).
Using a block design, inhibitory control performance was assessed
when emotional faces served as the prepotent “go” or the non-
prepotent “no-go” stimuli. In-line with prior research, cognitive
control, and emotional regulation improvedwith age. Importantly,
across age, false alarms were higher during emotional no-go stim-
uli relative to neutral no-go stimuli suggesting reduced inhibitory
control in the presence of salient emotional information. Addi-
tional effects of sex indicated better discrimination of emotion
in girls relative to boys. An fMRI variant of the same task that
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aimed to capture the neural correlates of these effects, increased
RT to fearful faces was coupled with higher amygdala activation,
while an inverse relationship existed in the ventral PFC (Hare et al.,
2008).Moreover, amygdala activationwas increased in adolescents
relative to children and adults. Taken together, these data imply
that basic emotional interference as compared to non-emotional
conﬂict is evident as early as 4 years of age and that emotional neu-
rocircuitry during such conﬂict tasks is sensitive to development.
Similarly, mirroring parallel research in adults (e.g., Beck et al.,
2010; Padmala and Pessoa, 2010; Savine and Braver, 2010), stud-
ies of adolescent development have also investigated the impact
(Jazbec et al., 2006) and type (Kohls et al., 2009) of motiva-
tion on performance. Jazbec et al. (2006) paired antisaccade eye
movements with positive (win $1 for a correctly executed anti-
saccade) or negative (lose $0.5 for an erroneous antisaccade)
reward/punishment contingencies. Although monetary incentive
improved inhibitory control during antisaccades in both adoles-
cents and adults, this effect was stronger for the adolescent group.
Kohls et al. (2009) used both monetary incentive and social (i.e.,
positive faces) feedback and documented a stronger improvement
of inhibitory control during a go/no-go task in the monetary
reward condition in 10-year-old children. These data would advo-
cate that despite the importance of positive caregiver feedback
during development, children already show preponderance to
secondary reinforcers such as monetary reward.
COGNITION EMOTION INTERACTIONS IN CHILDHOOD MOOD AND
ANXIETY DISORDERS
The previous set of studies informed on the inﬂuence of emotion
on cognitive control in typically developing individuals. However,
neuroanatomical work has implicated disturbances in develop-
mental trajectories of brain circuitry in childhood psychiatric
disorders (Shaw et al., 2010). Studies in youths suffering from
psychopathology provide a window into the (long-term) develop-
mental changes that mood perturbations may exert on cognitive
control. Research in this particular area has utilized several tasks
including the (emotional) go/no-go task, the Tower of London
task, the ﬂanker task, set-shifting tasks, n-back tasks, and the
antisaccade task (Table 3).
Antisaccade research in pediatric anxiety has revealed emotion-
dependent responding whilst executing strong inhibitory control
(Hardin et al., 2009). In that study, adolescents with and without
an anxiety disorder had to ﬁxate on a centrally presented image of
an emotional facial expression (happy, fearful, or neutral). After a
short delay, a peripheral asterisk appeared and participants were
required to perform an antisaccade to the opposite direction to
the asterisk. During instruction prior to the task, participants
were told that the face and its emotion were irrelevant and should
be ignored. In anxious adolescents, antisaccade latency improved
when subjects had to saccade away, i.e., disengage from fearful
faces (relative to neutral expressions). By contrast, for controls,
antisaccade latency was speeded during the presentation of happy
faces relative to neutral faces. Although the principle behind such a
study design is reminiscent of tasks investigating attentional biases
(e.g., Bar-Haim et al., 2007), the antisaccade task necessitates the
execution of strong inhibitory control, which is absent from tra-
ditional attentional bias designs. Secondly, although Hardin et al.
(2009) presented face stimuli centrally, it is also possible to present
these images peripherally allowing a comparison between engage-
ment and disengagement of emotional stimuli during inhibitory
control.Using a similar principle in a studywithmanual responses,
Ladouceur et al. (2005) presented emotional stimuli as back-
ground images during performance of a non-emotional n-back
task in anxious and depressed youths. Interestingly, her ﬁndings
were the opposite to those of Hardin et al. (2009). Here, Ladouceur
et al. (2005) documented prolonged RTs for the depressed group
(with and without co-morbid anxiety) in the presence of a nega-
tive background (relative to neutral), while controls responded
slower during the presentation of a positive background. Due
to the differences in methodologies (eye tracking vs. behavioral),
tasks (antisaccade vs. n-back), groups (depressed vs. anxious), and
stimuli (whole scenes vs. faces) it is difﬁcult to isolate the fac-
tors that might have contributed to the shift in response patterns.
However, regardless of the directionality of the effects, these data
indicate that cognitive control, speciﬁcally during incidental emo-
tional processing, is altered in pediatric anxiety and depression
mirroring patterns in adults.
Adolescents suffering from BD also evidence deﬁcits in cogni-
tive control abilities (McClure et al., 2005; Pavuluri et al., 2006).
For instance, on the same group of subjects, McClure et al. (2005)
examined both cognitive control abilities and emotional process-
ing in bipolar youth using a variety of executive function measures
and face labeling tasks. Although she noted impairments in BD
youths in both domains, an interesting avenue would have been
to employ tasks testing the potential interaction of these deﬁcits.
Preliminary evidence from the antisaccade task suggests that BD
youths are insensitive to monetary reward, as antisaccade perfor-
mance improved with incentive in controls but not patients in
another study (Mueller et al., 2010b). Although emotional insta-
bility is a hallmark of BD, electrophysiological evidence suggests
changes in executive attentional processing in BD youths during
controlled, elicited frustration (Rich et al., 2007) consistent with
increased BOLDactivity in dlPFPCduring inhibitory control tasks
(Nelson et al., 2005; Singh et al., 2010). Targeted studies are needed
to directly address the inﬂuence of emotion on cognitive control
processes in pediatric BD.
Studies in pediatric anxiety come to similar conclusions. While
much work has focused on establishing the neural correlates of
aberrant emotional processing in pediatric anxiety (McClure et al.,
2007; Monk et al., 2008), some functional imaging work has inves-
tigated cognitive control in types of anxiety disorder such as
Obsessive–Compulsive Disorder (Britton et al., 2010;Huyser et al.,
2010) or Post-Traumatic Stress Disorder (Carrion et al., 2008).
Britton et al. (2010) asked participants with pediatric OCD to
complete a simple set-shifting taskwhile undergoing fMRI.Activa-
tions for control subjects were increased relative to patients in the
left IFG during shift blocks relative to single blocks. Moreover, cor-
relations of behavioral performance with striatal activation were
opposite for both groups indicating a drastic change in cognitive
control function in OCD. Consistent with Britton et al.’s (2010)
ﬁndings, Huyser et al. (2010) tested planning abilities in pediatric
OCD by virtue of the Tower of London task. Here, activations for
controls were also larger relative to patients in left IFG. Of note,
while group activations for patients tended to be reduced in the
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OCD studies, they were increased in the bipolar studies. Such data
suggests psychopathologic speciﬁcity on neural circuitry subserv-
ing cognitive control and warrant further enquiry with regards to
the emotional phenotype.
Studies in populations at-risk for developing psychopathol-
ogy provide an intermediate step between healthy development
and pediatric mental illness. In two independent but complemen-
tary fMRI studies modulation of dACC and PFC activation have
been linked to adverse life experiences in cognitive control tasks
in these cohorts. Carrion et al. (2008) examined the neural cor-
relates of inhibitory control in youths with post-traumatic stress
symptoms due to prior exposure to violence, physical, or sexual
abuse.Mueller et al. (2010a) examined cognitive ﬂexibility in inter-
national adoptees who had been removed from their biological
parents due to emotional neglect. Both studies reported increased
activations for the trauma groups relative to age-matched controls
in lateral PFC and dACC (BA 32/24). These data suggest that early
traumatic experience moderates brain regions involved in cogni-
tion emotion interactions. Epidemiological studies suggest that
individuals with experience of early trauma are at high risk for
developing psychopathology and affective disorders (Green et al.,
2010). One question is whether these neurobiological changes in
the frontal network may contribute to this increased risk.
SUMMARY AND NEUROCHEMICAL IMPLICATIONS
Several intriguing ﬁndings emerged from this review. Among the
most consistent results was that at a behavioral level, negative
emotion/stimuli impaired executive control processeswhile (mon-
etary) reward improved cognitive control function in most cases.
The impact of positive emotion on cognitive control was less clear:
while some studies found beneﬁcial effects on executive function,
this appeared to depend on the exact cognitive process concerned
(e.g., perseveration vs. distractibility). At the electrophysiologi-
cal level, ERP studies had been conducted using within-subject
or between-subject designs testing individual differences. These
studies have shown that emotional stimuli or anxious state mod-
erated ERP components indicative of executive processes such as
theN2,P3,or ERNduring errormonitoring, conﬂict resolution,or
inhibitory control. In the neurocognitive data, consistent ﬁndings
emerged with regards to the neural circuitry involved in such inte-
gration processes. For example, the dorsolateral PFC, particularly
the IFG was generally reactive to emotional (negative) stimuli in
the context of a cognitive control process. The middle and frontal
gyri of the PFC were also frequently activated during emotional
distraction. Given the involvement of the ACC in both execu-
tive control and emotion, this structure also turned out to be
(unsurprisingly) a major player in interactions between the emo-
tional and executive system. However, consistent ﬁndings were not
limited to lateral cortical structures but also involved deeper sub-
cortical structures like the amygdala during emotional conﬂict or
even pure non-emotional error processing regardless of response
modality (e.g., manual or saccadic; Figure 1).
Although much of the reviewed literature focused on identify-
ing the loci of emotion cognitive control interactions, some of the
presented evidence utilized connectivity analyses to point toward a
sophisticated and complex network of interactions between indi-
vidual brain regions. Most consistently reported was a coupling
between the ventral/rostral ACC and the amygdala during vari-
ous forms of conﬂict involving emotion (e.g., Egner et al., 2008;
Kanske and Kotz, 2011a). These authors (Egner et al., 2008) pro-
posed that the rACC exerts a top-down inﬂuence on the amygdala
response and thereby inhibiting emotional distracter processing
during conﬂict resolution. In other studies, ACC activity was
related to dlPFC activations (Mohanty et al., 2007) attributing a
mediator role between executive and limbic processes to the ACC
(Shackman et al., 2011).
Despite these intriguing ﬁndings, one critical question is how
these neurobiological data in gray matter relate to mechanisms
at the neurochemical level. Neurotransmitters such as dopamine
have been postulated to carry important functionality in cognitive
control (Braver and Cohen, 2000), on the one hand, and posi-
tive emotion (Ashby et al., 1999) and reward and motivational
behavior (Schulz, 2002), on the other hand. Given widespread dis-
tribution of dopamine throughout the PFC, and a hypothesized
role in all three processes, it would seem likely that dopamine
might critically contribute to, or mediate, emotional inﬂuences on
cognitive control. In their model of dopaminergic inﬂuences on
positive emotion, Ashby et al. (1999) hypothesized that dopamine
release from the ventral tegmental area to a wide cortical and
subcortical network including the PFC, ACC, Nacc, striatum, hip-
pocampus, or the amygdala, modulates dopaminergic baseline
levels in these structures thus up (or down) regulating levels of
FIGURE 1 | Axial slices of the brain regions consistently reported in
studies of cognitive control emotion interactions. Sagittal image on the
right shows corresponding height of axial slices. Color schema:
Yellow= amygdala, red= IFG, green=MFG, blue=SFG, pink=ACC.
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activity and thus inﬂuencing affect. According to evidence in favor
of this model, a particular crucial role may be played by the Nacc,
which enjoys direct connections to the amygdala and PFC and
may contribute to evaluating (and updating) goal-directed behav-
ior during error monitoring (Münte et al., 2008). However, as
explicitly stated the dopamine theory of positive emotion does not
make any predictions about negative emotions or, by extension,
valence-speciﬁcity of involved brain regions. It could be imagined
that the strength of a given region in the evaluation of affective
signiﬁcance relative to the other structures is dependent on the
valence of the concerned affective state. Although these details are
still under investigation, it appears likely that mesocorticolimbic
dopamine pathway is involved in the mediation between emo-
tional and executive processes via subcortical structures. However,
it must be pointed out that other neurotransmitters (e.g., sero-
tonin), which also play a pivotal role in emotional behavior, and
mood and anxiety disorders in particular (Martinowich et al.,
2007), will likely contribute to these neurochemical mechanisms.
Therefore, a full account of the neurochemical contribution to
emotion cognition interactions should additionally consider other
neurotransmitters.
OPEN QUESTIONS FOR FUTURE RESEARCH
As noted in the previous section, corroborative evidence has
emerged on the inﬂuence of emotion on cognitive control. Yet,
this review has also uncovered some inconsistent ﬁndings giving
rise to new questions that demand future attention. This section
aims to highlight some of these open questions. Since the goal of
this reviewwas to reconcile on-goingwork in adults with emerging
research in developmental groups, these questions aim to further
research in streams.
A ﬁnding that provides a bridge to illustrate the necessity to
merge ﬁelds is provided by an fMRI study in healthy adults (Schulz
et al., 2009) and a DTI study in healthy children (Madsen et al.,
2010). In adults, Schulz et al. (2009) reported signiﬁcant activa-
tions during response inhibition to emotional faces in the pars
opercularis of the IFG. In the children, Madsen et al. (2010) found
that white matter diffusivity (fractional anisotropy, FA) in the pars
opercularis predicted behavioral stop-signal reaction time (SSRT).
Two conclusions can be drawn. First, these data would suggest
that connectivity ﬁndings in adolescents may provide clues to
explaining some of the variance contributing to performance in
functional imaging studies in adults. Second,whitematter analyses
may contribute to increase our understanding of the neurobiolog-
ical mechanisms underlying emotion cognition interactions and
may complement studies of ﬁndings in gray matter.
As noted previously, some theoretical models of emotion pro-
pose that both emotion and motivation are necessary to fully
account for goal-driven behavior (Roseman, 2008). The reviewed
evidence would implicate some shared neurocircuitry such as the
PFC (e.g., Van Dillen et al., 2009; Savine and Braver, 2010), while
other areas such as the striatum are process-sensitive. While many
studies have either investigated reward or emotion separately, one
question might concern the level of similarity (or dissimilarity)
of effects on cognitive control (see also Chiew and Braver, in
this special issue for an outline of such an agenda). Preliminary
encouragement for such an endeavor comes from a behavioral
study in anxious adolescents that has examined the impact of con-
current reward and incidental emotion processing on antisaccade
performance (Hardin et al., 2009). Furthermore, developmen-
tal studies have shown that even during young age, secondary
reinforcers such as monetary incentive may exert stronger inﬂu-
ences than positive (emotional) feedback on executive function
(Kohls et al., 2009). Such promising data further strengthen a
joint research agenda of adult and developmental work and point
toward possible paradigms to examine these issues.
A guaranteed issue for future debate is the extent different emo-
tions (fear, anger, sadness, happiness, disgust) may be processed in
diverse neural systems (Habel et al., 2005; Vytal and Hamann,
2010). In other words, to what extent are affective inﬂuences on
cognitive control emotion-speciﬁc? For instance, does one but not
another emotion elicit a selective improvement in performance
(e.g., Gray, 2001; Lavric et al., 2003)? Does this hold true for the
basic emotions such as fear and happiness or does this extend to
other emotions such as sadness and disgust?
Although the above questions are of interest to better under-
stand how emotions inﬂuence cognitive control, one issue that
complicates any positive ﬁndings is the generalizability across gen-
der. While some studies have tried to avoid this issue by relying
on gender-speciﬁc recruitment (Habel et al., 2005; Pereira et al.,
2010), initial ﬁndings suggest sex-speciﬁc neural differences (Koch
et al., 2007) supported by developmental work (Tottenham et al.,
2011). Such data might suggest that future studies will need to
consider any impact of biological sex on their ﬁndings regardless
of age.
Finally, with regards to clinical relevance and application, the
current review has highlighted some exciting developments in
adult and pediatric psychopathology in relation to cognitive con-
trol dysfunction in mood and anxiety disorders. Following psy-
chological theories that propose executive deﬁcits in depression
(Joormann, 2010) or anxiety (Eysenck et al., 2007), a future line
of research could examine to what extent therapeutic training on
cognitive control measures might improve symptomatology and
alter interactions with executive control.
CONCLUSION
Within the last decademuchprogress has beenmade tounderstand
the neurobiological mechanisms underlying emotional inﬂuences
on executive processes. While clear candidate regions, particu-
larly the PFC, have been identiﬁed, open questions concern the
relationship between individual regions. An important task for
future work will be to integrate theoretical models of emotion and
cognitive control and deﬁne the conditions under which these sys-
tems may recruit additional or distinct neurocircuitry from their
respective networks. Despite moderate progress in adults, devel-
opmental research in the ﬁeld is still in its infancy. Delineating the
dynamic changes of these interactive processes across time may
provide critical information on the psychological and neurobio-
logical mechanisms by which affective processes perturb cognitive
control in the developing brain. In turn, such discovery might aid
in understanding the ontogenesis of pediatric mood and anxiety
disorders during a period of constant change.
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